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A Membrane surface area (m ) 
3 C Solute concentration (kg/m ) 
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V  
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I 
P 
3 
v^ Partial specific molar volume of solute (m /mole) 
3 V Volume of permeate (m ) 
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a Intrinsic resistance of cake layer (m/kg) 
7 Fluid shear rate (s'^) 
2 
r Surface density of deposit (kg/m ) 
Y Shear rate at membrane surface (s'S 
w 
5 Polarization layer thickness (m) 
e Porosity 
Permeate viscosity (Pa-s) 
0 Solute volume fraction 
An Transmembrane pressure drop (Pa) 
3 p Solute density (kg/m ) 
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ABSTRACT 
A number of nonchromatographic separation techniques have been 
developed previously in which polyelectrolytes are used as separating 
agents to reduce the cost or enhance the selectivity of protein 
purification techniques. This work examines the potential of 
ultrafiltration to separate a protein from a smaller polyelectrolyte. 
The ultrafiltration behavior of two polyelectrolytes, poly(acrylic 
acid) (PAA) and polyphosphate, were examined individually and in 
mixtures with the protein, bovine serum albumin (BSA), using dead-end 
and hollow fiber crossflow ultrafiltration systems. Dead-end 
ultrafiltration was used to study the flux decline and retention 
behavior of 1000, 10,000, and 30,000 molecular weight cutoff (MWCO) 
membranes as affected by salt concentrations, pH, and molecular 
weight of the PAA. Hollow-fiber, crossflow ultrafiltration with 2000 
and 30,000 MWCO modules was used to examine the effects of the 
transmembrane pressure drop, crossflow rate, and salt concentration 
on the solvent flux and retention achieved during ultrafiltration. 
A cake filtration model adequately described dead-end 
ultrafiltration. Neither a Leveque/Graetz nor a resistance in series 
model was found to adequately describe crossflow ultrafiltration under 
all conditions. 
The presence of NaCI was found to reduce the retention of low 
molecular weight polyelectrolytes whether they were ultrafiltered 
alone or in a mixture with BSA. The presence of NaCI was also found to 
v i i  
reduce the hydrodynamic resistance of the concentration polarization 
layer during the ultrafiltration of low molecular weight 
polyelectrolytes when BSA was not present. These changes were 
thought to be caused by a conformational contraction of this 
polyelectrolyte resulting from intramolecular charge "shielding. These 
effects were not seen with PAA of molecular weights greater than 
50,000 possibly because molecular entanglements hinder contraction. 
Increasing crossflow fluid shear rates were found to increase the 
solvent flux in all cases, although shear had little effect on 
polyelectrolyte retention. Increasing pressure resulted in lower 
retentions of the polyelectrolytes when they were ultrafiltered alone, 
but had little effect when BSA was present. 
Ultrafiltration proved to be an effective means of removing both 
polyphosphate and 5000 molecular weight PAA in the presence of 0.4 M 
NaCI, but was less effective when the NaCl was not present. 
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CHAPTER 1 
INTRODUCTION 
Recent advances in genetic engineering iiave led to the use of 
microorganisms in the food and pharmaceutical industries to produce 
novel protein products or to allow the introduction of existing protein 
products into more readily cultivated organisms. The production of 
these products through fermentation must be followed by the isolation 
of the products from a complex fermentation broth through subsequent 
downstream processing. If the production of these unique proteins is 
to see any degree of commercial success, these downstream separation 
processes must be able to effectively and economically isolate the 
protein product. 
A number of separation techniques have been developed for which 
the capital equipment costs have been kept low by the introduction of a 
linear separating agent to isolate a globular protein product. These 
linear separating agents (hereafter referred to as linear molecules or 
components) may have molecular weights significantly greater than or 
lower than those of the globular protein products (hereafter referred to 
as globular molecules or components). Examples of processes in which 
the linear molecules are typically larger than the globular molecules 
would include polyelectrolyte precipitations. Polyelectrolyte 
precipitation leads to mixtures of linear and globular molecules such 
as carboxymethyl cellulose and lysozyme (Clark and Glatz, 1987), 
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polyacrylic acid and lysozyme (Sliieli, 1989; Sternberg and Hersliberger, 
1974), and polymethacrylic acid and lysozyme (Anufrieva, 1987). 
Examples of processes in which the linear molecules are typically 
smaller than the globular molecules would include aqueous two phase 
systems, which have led to mixtures such as poly (ethylene glycol) and 
P-galactosidase (Veide et al., 1989) and polyphosphate precipitation, 
which has led to mixtures such as sodium polyphosphate and p-
lactoglobulin (Al-Mashikh and Nakai, 1987), and sodium polyphosphate 
and immunoglobulins (Lee et al., 1988). The use of these techniques 
requires an additional separation process to remove these linear 
molecules from the globular products in order to insure product purity 
or to recover relatively expensive separation agents for reuse. This 
project will examine the use of ultrafiltration as an inexpensive means 
of performing these separations on the basis of size differences 
between the products and the separating agents. 
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CHAPTER 2 
PREVIOUS WORK 
As was shown earlier, mixtures of linear molecules and globular 
proteins can arise in a number of different situations. Several authors 
have previously studied known mixtures of globular proteins. In this 
section, the results of these studies as well as relevant work done in 
single solute systems will be examined. The effects of charge, ionic 
strength, and linear molecule properties on ultrafiltration constitute 
the main focus. Before these results are presented, however, 
background information on ultrafiltration and its modeling will be 
presented. 
2.1 Ultrafiltration: General Information 
Ultrafiltration is a pressure-driven, size-based, membrane 
separation process used for macromolecular solute concentration or 
fractionation. Ultrafiltration membranes, which are characterized by 
pore sizes in the range of 10 to 1000 A, are capable of retaining 
molecules in a molecular weight range of 300 to 500,000 daltons 
(Kulkarni et al., 1992). 
A schematic of a typical UF process is presented in Figure 1. A 
solvent flux, , is induced by the application of a transmembrane 
pressure drop, AP. The pressure drop is dependent upon the geometry of 
the system, but typically is in the range of 10 to 100 psi (Viiker, 
1986). When there is retentate flow in a plane parallel to the surface 
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Retentate 
Crossflow 
Velocity 
Higher Pressure Solvent Flux 
Ultrafiltration Membrane 
Lower Pressure 
t 
Permeate 
Figure 1. Ultrafiltration process schematic. 
of the membrane in addition to the flux through the membrane, this is 
termed crossflow ultrafiltration. It is seen in a number of geometries 
including spiral wound, hollow fiber, stirred cell, and tubular 
ultrafiltration configurations. If there is no flow, other than that 
perpendicular to the membrane surface, the system is said to be a 
dead-end ultrafiltration configuration. 
The greatest obstacles which must be overcome to successfully 
make use of ultrafiltration are flux decline challenges. These may be 
divided into two categories; fouling phenomena and concentration 
polarization. Fouling phenomena are generally irreversible processes 
such as solute adsorption, membrane pore blocking, and solidified 
solute deposition (van den Berg and Smolders, 1990). Concentration 
polarization occurs when the solute carried to the membrane by the 
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solvent flux Is unable to pass freely through the membrane and thus 
will accumulate near the membrane. It is generally a reversible 
process (Vilker, 1986). These two phenomena will be discussed in 
greater detail in the following sections. 
Permeate flow is takeri as being proportional to a transmembrane 
pressure drop driving force with resistances as a proportionality 
constant in a resistances in series model. These resistances may 
include those due to the membrane, the polarization layer, membrane 
adsorbed material, and a gel layer as is shown by the Darcy's Law type 
expression: 
J AP - An 
'no(Rm + Ra+Rpl + Rg) 
where is the solvent flux, AP is the transmembrane pressure drop. 
An is the osmotic pressure difference between the feed and the 
permeate, r[ is the permeate viscosity, R is the membrane resistance, 
0 m 
Rpl is the polarization layer resistance, is the gel layer resistance, 
and R is the adsorbed solute resistance (Vilker, 1986). 
2.2 Ultrafiltration: Membrane Properties 
The physical properties of the ultrafiltration membranes will 
determine many of the design constraints of an ultrafiltration system. 
The pore size, porosity, and construction materials will determine such 
r 
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factors as retention, pure water flux, and degree of fouling via solute 
adsorption-induced fouling. 
Membranes may be classified as either asymmetric, also known 
as skinned, or microporous. Asymmetric membranes, as shown 
schematically in Figure 2, consist of a thin layer or skin of material 
with small pore sizes, which gives the membrane its sieving 
properties, on a thicker supporting layer with more open, lower flow 
resistant channels (Cheryan, 1986). Microporous membranes, on the 
Figure 2. Asymmetric or skinned membrane structure. 
other hand, have pores of similar size running throughout the membrane 
thickness. If these pores are of the same size throughout the 
membrane thickness, the membrane is known as isotropic. If they vary 
in size throughout the thickness, the membrane, is known as anisotropic 
(Cheryan, 1986). Asymmetric membranes have the advantages of lower 
resistance to flow and a lesser chance of pore plugging over similar 
microporous membrane and are typically the membrane of choice in 
most geometries with the exception of hollow fibers. 
Sieving"Skin" Layer 
1 -2 microns 
Support Membrane 
100-200 microns 
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Ultrafiltration membranes may be formed from a large number of 
polymeric and Inorganic materials. Polymeric materials would include 
polysulfone, polyether sulfone, cellulose acetate, regenerated 
cellulose, polyamides, polyvinylidenefluoride, and polyacrylonitrile. 
Inorganic materials would include y-alumina/ a-alumina, borosilicate 
glass, pyrolyzed carbon, and zirconia/stainless steel (Kulkarni et al, 
1992b). Polysulfone, whose structure is shown in Figure 3, has become 
a popular choice due to a number of excellent characteristics. 
Polysulfone is easy to fabricate and may be formed into membranes 
Figure 3. Polysulfone repeat unit structure. 
with molecular weight cutoffs between 1000 and 500,000. 
Ultrafiltration membranes formed from polysulfone have good pH 
resistance in the range of 1 to 13, allowing a wider choice of reagents 
for cleaning (Cheryan, 1986). 
Hydrophobic membranes such as polyvinylidenefluoride or 
polysulfone are often modified in order to reduce fouling due to solute 
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adsorption. Comnnon methods of altering these membranes would 
include grafting hydrophilic groups to the membrane surface or using 
polymer blends in the formation of the membranes (Kulkarni et al, 
1992b). 
Ultrafiltration membranes are typically characterized by some 
measure of their sieving characteristics, such as their molecular 
weight cutoffs or pore size distribution, and by some measure of the 
resistance to flow, such as pure water flux or permeability. Molecular 
weight cutoffs are normally measured by determining the membrane's 
rejection behavior when exposed to a number of variously sized solutes 
(Tweedle et al., 1992). Characterization data for several Filtron Omega 
polysulfone membranes are shown in Table 1. 
2.3 Ultrafiltration: Membrane Fouling 
Membrane fouling may lead to changes in an ultrafiltration 
membrane's hydrodynamic resistance and retention behavior. It is 
Table 1. Properties of Filtron Omega polysulfone ultrafiltration 
membranes (adapted from Tweedle et al., 1992). 
Number of 
Rated MW Average pore pores/membrane 
Membrane Cutoff radius (nm) area/pore length 
(m"^x10"^^) 
2.70 
4.78 
12.7 
8.48 
1.28  
Noval 1,000 2.00 
Nova 5 5,000 2.84 
Nova 10 10,000 3.09 
Nova 30 30,000 3.68 
Nova 50 50,000 6.67 
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caused by the physico-chemical adsorption of macromolecules to the 
surface of a membrane or the blocking of pores when macromolecules 
become entrapped in the pore. The physico-chemical interactions 
between the ultrafiltration membrane and the solute may include 
electrostatic, hydrophobic, and hydrogen bonding or a combination 
thereof (Fane and Fell, 1987). The results of fouling on the 
ultrafiltration properties of the membrane are highly dependent on the 
relative sizes of the pores to the macromolecules adsorbed to the 
membrane. This is shown schematically in Figure 4. In the case where 
the pore diameter is much smaller than the protein diameter, the 
adsorbed layer will form a porous structure on the membrane leading to 
an apparent increase in the number density of pores, which will appear 
to have a diameter smaller than those of the clean membrane. For the 
case where the pores are larger than the solute, adsorption will merely 
appear to reduce membrane's average pore diameter (Meireles et al., 
1991). 
Modeling of fouling phenomenon can be divided into one of two 
groups: semiempirical data fits or resistance models. Semiempirical 
models normally are exponential decays of the clean membrane flux 
with time or cumulative permeate volume, which do not attempt to 
explain the fouling phenomenon (Cheryan, 1986). 
Resistance models attempt to provide a hydrodynamic resistance 
due to the fouling for use in a resistance in series flux model of 
ultrafiltration such as equation (1). These models may be divided into 
r 
1 0 
(a) 
(b) 
Figure 4. Sciiematic representation of membrane fouling. 
a) Adsorbed solute much larger than membrane pores. 
b) Adsorbed solute much smaller than membrane pores. 
three categories, which can be viewed as corresponding to various 
solute to pore size situations. 
The first of these categories are the cake layer models. The cake 
layer models view the resistance from fouling to be due to a cake layer 
of irreversibly adsorbed material forming on the surface of the 
membrane. The resistance, R , of this deposit may be calculated from 
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an expression such as the Carman-Kozeny equation for spherical 
particles: 
Ra = ar (2) 
1 1  
a = 
_  1 8 0 ( l - e )  
d^e^p 
s  ( 3 )  
where a is the Intrinsic cake layer resistance, T is the surface density 
of the deposit, e is the porosity of the deposit, d is the solute 
s  
dianneter, and p Is the solute density (Persson and Nilsson, 1991). The 
cake layer model is potentially the most useful for situations in which 
the solute is significantly larger than the pore radius. 
The second category are the pore restriction models. These 
models assume that the macromolecule adsorption leads to a reduction 
in the pore diameters. The pore diameters are typically assumed to be 
in a very narrow distribution and the pore reduction is generally 
assumed to be uniform throughout the pore length. The reduction in 
flux due to adsorption can be given by an expression base on the Hagen-
Poiseuille equation such as: 
/ '•-^0 Jv/Jo = ^ ^ 
(4) 
where J is the solvent flux, J is the clean membrane flux, r is the 
V 0 
pore radius before fouling, and Ar is the reduction of the pore radius 
due to fouling (Persson and Nilsson, 1991). This type of model is most 
appropriate to situations where the solute diameter is considerably 
smaller than the pore diameter. 
r 
1 2 
Finally, the cake layer and pore restriction nnodels' assumptions 
may be combined to form a single model. This is most often done in 
cases where the solute diameter is of a similar size to the pore 
diameter. 
2.4 Ultrafiltration: Concentration Polarization 
Concentration polarization is the buildup of solute near the 
ultrafiltration membi-ane surface, which occurs as solute, carried to 
the membrane surface by the solvent flux, is rejected by the membrane. 
This leads to higher solute concentrations in the region near the 
membrane than in the bulk solution. Figure 5 shows the effects of this 
polarization on the solvent flux. As can be seen, as the transmembrane 
pressure drop increases beyond a certain level, the solvent flux 
becomes nearly independent of the pressure drop. This limiting flux is 
a function of the mechanical agitation and macromolecular diffusivity 
among other factors (Vilker, 1986). 
Models of concentration polarization may be divided into those 
which view the polarization layer as leading to a hydrodynamic 
resistance to flow or those which view the increased concentration at 
the membrane surface as leading to a reduction in the pressure driving 
force through an increase in the osmotic pressure difference across the 
membrane. Typically the hydrodynamic models model a system which 
extends from the bulk fluid across the polarization layer and membrane. 
Since the permeate solute concentration is often little different from 
the bulk solute concentration, the osmotic pressure is often assumed to 
1 3 
Clean Water Flux 
Increasing Mechanical 
Agitation J V 
AP 
Figure 5. Effects of concentration polarization on solvent flux. 
be negligible in equation (1), On the other hand, osmotic pressure 
models normally model a system which only includes the membrane and 
not the polarization layer. The osmotic pressure is significant in this 
case as the solute concentration at the membrane surface is usually 
significantly larger than that in the permeate. The hydrodynamic 
resistance of the polarization layer in equation (1) is typically 
assumed to be negligible. Since osmotic pressure models require 
accurate estimates of the solute concentration at the membrane 
1 4 
surface, they are much more dependent on the solute's diffusion 
coefficient as a function of concentration and are difficult to use for 
mixtures of solutes. 
As mechanical agitation has a significant effect on the 
concentration polarization layer, dead-end and crossflow 
ultrafiltration modeling will be reviewed separately. 
2.4.1 Concentration Polarization: Dead-end Systems 
Previous modeling of the effects of concentration polarization in 
dead-end ultrafiltration may be divided into those models which view 
the polarization layer as providing an additional hydrodynamic 
resistance to flow (van den Berg and Smolders, 1989; Ethier and Kamm, 
1989; Chudacek and Fane, 1984; Wijmans et al., 1989) and those which 
view the polarization layer as providing a reduced driving force for 
flow (Vilker et al, 1981; van den Berg et a!., 1987; Danes et al., 1990). 
In this work, the polarization layer will be examined in terms of the 
former effect in a cake layer model similar to that of van den Berg and 
Smolders (1989). 
The variables are defined schematically in Figure 6. From this 
figure, it can be seen that the concentration in the polarization layer is 
defined to be constant and of a time dependent depth. The permeate 
flux is defined in a manner similar to equation (1) as: 
J 
AP 
( 5 )  
1  5  
Filtrate Retentate 
••• 
Membrane 
I 
Figure 6. Definition of cake polarization layer variables. 
r 
1 6  
where is the permeate flux, tIQ is the permeate viscosity, is a 
combined resistance due to the membrane and adsorbed material, and 
If the polarization layer is assumed to collect as a cake then the 
thickness of the cake, 5, may be obtained from a mass balance around 
the polarization layer in the form: 
where is the solute concentration in the bulk phase, R is the overall 
retention, 5 is the polarization layer thickness, A is the area of the 
membrane, and Cpj is the solute concentration in the polarization layer. 
Equation (6) is only applicable if there is no significant back diffusion. 
The overall retention, R, is defined by: 
Rpl is the resistance due to the polarization layer. 
CfaRVp - SACpi (6)  
(7) 
where is the concentration in the permeate. 
The polarization layer resistance, R^j, may be viewed as: 
Rpl = 5rp| ( 8 )  
where r is the specific cake resistance. 
1 7  
If equations (5), (6), and (8) are connbined, in a manner similar to 
van den Berg and Smolders (1989), it may be shown that: 
Jv 
1 dv 
A dt 
p _ AP 
ilo Rma"^ 
Cb^VpTpl 
ACpi , (9). 
A couple of standard ultrafiltration equations may be obtained 
from equation (8). The relationship between flux, J^, and volume of 
permeate, V^, may be obtained if the derivative of the inverse permeate 
flux is taken with respect to the volume of permeate divided by the 
area in equation (4), as shown by van den Berg and Smolders (1989). 
This expression is: 
d(yjv) 
d(Vp /A) 
TloCb^ 
V 
AP 
lEi 
Cpl, (10) 
where ('•p|/Cp|) is defined as the flux decline ratio. This ratio may be 
thought of as the total polarization layer resistance associated with 
the cake mass accumulated per unit area. 
In the case of binary mixtures Cj^R may be expressed as: 
Cb^^- CbiRT^CbzRz ( 1 1 )  
1  8  
where the subscripts 1 and 2 represent the the first and second solute 
respectively. 
The relationship between time and flux may be obtained by 
integrating equation (8), solving for V , and substituting back into 
P 
equation (8), in a manner similar to that of Chudacek and Fane (1984). 
This yields: 
1 _ ^0 ^ ma ^Cb^rp|T|o^ 
4 AP^ Cp|AP ^^2), 
Mijniieff and Jaspers (1971) made use of irreversible 
thermodynamics and the concept of permeability, as introduced by 
Darcy, to show that the sedimentation coefficient, which depends on 
the polarization layer solute concentration C^j, is a function of the 
permeability, or inverse specific resistance. In terms of the flux 
decline ratio, this relation is: 
^ fpA (''-vi/vo) 
Cpi. T|o' (13) 
where v^ and v^ are the partial specific volumes of the solvent and 
solute respectively, and s is the sedimentation coefficient. The 
polarization layer solute concentration may be determined from the 
r 
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flux decline ratio data if the sedimentation coefficient as a function of 
solute concentration is known. 
In order to determine how the flux decline ratio may be expected 
to change with changing environmental expressions, it is desirable to 
find an expression relating the flux decline ratio to Cp|. A Kozeny-
Carman type expression can be used for this purpose. This type of 
expression was developed to describe flow through a porous bed of 
particles. It assumes that the pore space in the bed consists of a 
complicated channel and that the resistance to flow through the bed is 
a function of the surface area per unit volume of pore space, which in 
turn is a function of the bed porosity and the surface area to volume 
ratio of the particles in the bed. Using this approach. Carman found 
that the specific resistance could be determined from the 
semiempirical expression: 
rpi = H 
(14) 
where is the surface area to volume ratio of the solute, and e is the 
porosity of the polarization layer (Carman, 1938). The porosity may be 
related to the solute concentration in the polarization layer by: 
e = (l-Cpi/p) ( 1 5 )  
r-
2 0  
where p is the solute density. 
If equation (12) is substituted into equation (11), the specific 
resistance may be related to the polarization layer solute 
concentration by: 
From equation (17), it may be seen that any changes in environmental 
conditions which increase the polarization solute concentration, such 
as increasing ionic strength or increased transmembrane pressure, will 
led to an increase in the flux decline ratio, as long as the surface area 
to volume ratio of the solute is not changed. This would be the case for 
the globular proteins. In the case of the polyelectrolytes. the surface 
area to volume ratio will change under environmental conditions which 
cause the conformation of the molecule to go from an extended to a 
more compact form or vice versa. In this case, the effect of the 
polarization layer solute concentration and the surface area to volume 
(16) 
or the flux decline ratio may be expected to vary as: 
f \ 
(17). 
r 
2 1  
ratio changes nnay enhance or diminish any changes in the flux decline 
ratio. 
2.4.2 Concentration Polarization: Crossflow Systems 
Crossflow ultrafiltration is more commonly used in industrial 
situations than dead-end ultrafiltration, since the crossflow will 
sweep away some of the polarization layer leading to higher solvent 
fluxes. This, however, makes the modeling of the ultrafiltration 
system somewhat more challenging than in the dead-end case. 
Currently crossflow ultrafiltration is modeled in one of three ways. 
Attempts to account for the effects of concentration polarization by 
osmotic pressure reductions of the transmembrane driving force 
require a knowledge of the concentration dependence of the diffusivity 
and have led to a series of equations for the concentration profile 
which must be solved numerically (Clifton et al., 1984; Aimar and 
Sanchez, 1986; Aimar et al., 1991). Secondly, mass transfer analogies 
to heat transfer from a surface exposed to a flow field have been made 
to determine the values of mass transfer coefficients in expressions 
arising from concentration polarization layer mass balances (deFilippi 
and Goldsmith, 1970; Goldsmith, 1971; Porter, 1972; Cheryan, 1986). 
Finally, a resistance in series model, which takes advantage of the 
pressure independent flux behavior, has been developed (Chiang and 
Cheryan, 1986; Cheryan, 1986; Yeh and Cheng, 1993). As the last two 
methods have been more widely used, they will now be examined more 
closely. 
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A steady-state mass balance on the polarization layer shows a 
balance between solute carried into the polarization layer by solvent 
flux and solute carried out of the polarization layer by back diffusion: 
JvC = D^ 
dx (18) 
where J is the solvent flux in the x-direction, C is the solute 
V 
concentration, and D is the solute diffusivity. If equation (18) is 
integrated across the concentration polarization layer one obtains: 
8 Cb (19) 
where 5 is the polarization layer thickness (Porter, 1972; deFilippi and 
Goldsmith, 1970). From film theory, D/6 is equal to the mass transfer 
coefficient k, hence, equation (19) then be rewritten as: 
Jv = k In^ 
Cb (20) 
where k is the mass transfer coefficient. Alternatively if the 
membrane does not completely reject the solute, then one may express 
equation (20) as; 
r-
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( 2 1 )  
where C is the solute concentration in the permeate (Goldsmith, 
The mass transfer coefficient is highly dependent on the state of 
the flow field, as this will strongly affect the concentration gradient 
in the polarization layer and the polarization layer's thickness. For flow 
channels in which the laminar flow field is fully developed along the 
entire length and the concentration profile is developing along the 
entire length, a Graetz or Leveque solution for convective heat 
transfer in laminar flow channels has been modified for use with mass 
transfer yielding: 
where Sh, which is equal to kd /D, is the Sherwood number, Re is the 
h 
Reynolds number, and Sc is the Schmidt number (Porter, 1972; deFilippi 
and Goldsmith, 1970). This solution has been found to be valid for a 
large number of systems with both macromolecular and colloidal 
species. If equation (22) is solved for the mass transfer coefficient 
and rearranged, one may obtain: 
P 
1971). 
(22) 
k=0.816(lDf-'' (23) 
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where -yis the shear rate at the membrane surface (Porter, 1972). In 
the event that the laminar flow field is developing down the full length 
of the channel, one may use a higher order dependence on the Reynolds 
number of the form: 
Sh = 0.664 Re^ 
L 
ScO-33 
(24) 
where L is the channel length (Porter, 1972). An estimate of the length 
taken for a laminar flow field to become fully developed is given by: 
L* = 0.029Re dh zocs 
* 
where L is the length required for a laminar flow field to become fully 
developed (Porter, 1972). As this method requires knowledge of the 
diffusivity, it is difficult to use effectively for mixtures and is only 
valid when the diffusivity may be assumed to be concentration 
independent or diffusivity is known as a function of concentration. 
However, the method does give some insight into the dependency of the 
solvent flux on the crossflow rate. 
For turbulent flow, Gekas and Halistrom (1987) have collected a 
large number of correlations in terms of the Sherwood number (Table 
2). These are typically power-law functions of the Reynolds and 
Schmidt numbers. 
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Table 2. Sherwood number correlations for turbulent flow (adapted 
from Gekas and Hallstrom (1987)). 
Validity 
Correlation Conditions Source Models 
0.023Re°-^Sc°-33 Re>10^, SoO.5 Heat Transfer 
Analogy 
0.34ReO-^5Sc°-33 10'^<Re<10®, Heat Transfer 
SoO.S Analogy 
(f/2)ReSc 
1 + 5V^(Sc-l) 
Heat Transfer 
Analogy 
(f/2)ReSc 
1 + 5V^[Sc-1 + ln(l-5Sc)/6 
Heat Transfer 
Analogy 
0.021Re°-SSc°-® 0.5<Sc<5 Heat Transfer 
Analogy 
0.079 Re Vf So Re>10,000 Heat Transfer 
Sol 00 Analogy 
0.023ReO"5Sc°" 300<Sc<700 Eddy Diffusivity 
Model 
0.0149Re''®® Sc"'" 
Sol 00 Eddy Diffusivity 
Model 
® Rei/fSc" " 
14.5f2V3Jjt 
High Sc Numbers Eddy Diffusivity 
Model 
0.0107Re°-^ Sc°"^ 0.5<Sc<10 Surface Renewal 
Model 
0.102Re°-3Sc°"^^ S0IOOO Surface Renewal 
Model 
0.023Re°-®3 0.6<Sc<2.5 Semiempirical 
0.0096Re°-^3lsc°-^'^® 10'^<Re<10® 
430<Sc<10® 
Semiempirical 
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The alternative approach, i.e. the resistance in series method, 
ignores the physical state of the polarization layer and makes use of 
the occurrence of a pressure drop independent flux above certain 
pressures to provide a semiempirical fit of the flux data. 
If one examines equation (1) without a gel resistance one sees 
that: 
Since at high pressures and are independent of pressure, 
assuming no membrane compaction, R^^ must be proportional to AP 
yielding: 
where (]) is the proportionality constant (Chiang and Cheryan, 1986; Yeh 
and Cheng, 1993). 
If the inverse of equation (26) is taken, one has: 
AP 
(26)  
J AP 
(27) 
( 2 8 ) .  
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A plot of 1/J^ vs 1/AP should yield a straight line with a slope of 
•n (R +R ) and an intercept of (j). A knowledge of the clean membrane 
0 m a 
flux allows the individual determination of R and R . 
m a 
2.5 Ultrafiltration: Effects of Solution Ionic Strength 
Ingham et al. (1980) examined the effects of KCI concentration on 
the rejection of lysozyme, a protein with a molecular weight of 
14,000, in the presence of bovine serum albumin (BSA), a protein with 
a molecular weight of 69,000. When the lysozyme in a phosphate buffer 
was ultrafiltered using a 30,000 molecular weight cutoff membrane in 
the absence of BSA, no significant rejection was observed for the 
lysozyme. In the presence of BSA, lysozyme in a phosphate buffer was 
almost completely rejected. When the solution had KCI added to a 
concentration of 0.25 M, the lysozyme rejection was significantly 
reduced, although it was not brought back to the levels obtained in the 
absence of BSA. Ingham et al. attributed the increased rejection in the 
presence of BSA to protein-protein electrostatic interactions between 
the negatively charged BSA and the positively charged lysozyme. The 
decreased rejection seen upon the addition of 0.25 M KCI was presumed 
to be due to a reduction of these interactions due to a shielding of the 
molecules from some of the electrostatic interactions by the increased 
salt. 
Iritani et al. (1991) studied the effect of increased NaCl 
concentration on the specific filtration resistance and average 
polarization layer porosity during ultrafiltration of BSA at pHs above, 
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below, and at the isoelectric point (lEP). They found that the porosity 
decreased and the specific filtration resistance increased with the 
addition of salt when the pH was above or below the lEP. This was 
attributed to the shielding of the intermolecular electrostatic 
interactions by the salt ions. At the lEP, the opposite trend was seen. 
That is to say with increasing salt concentrations, the porosity 
increased while the specific filtration resistance decreased. This was 
attributed to the BSA molecules acquiring a slightly negative charge 
due to anion binding of CI ions, hence leading to an increase of the 
electrostatic repulsion. 
Fane et al. (1983) examined the effect of the concentration of 
various salts on the flux decline during the ultrafiltration of BSA at 
pHs above, below, and at the lEP. Salt was added by step inputs once 
the flux of a 0.1% BSA solution in distilled water stabilized. During the 
addition of NaCI at the isoelectric point, the flux rapidly increased 
when the NaCI concentration was raised to 0.2 M. Further additions of 
NaCI had no additional effect, until the concentration reached 0.8 M 
after which additional salt led to a decrease in the flux. When salts 
such as Na2S04 and CaCl2 were added, the initial flux increase was 
followed by a flux decrease when the concentration exceeded 0.3 to 0.4 
M. At pHs away from the lEP, the flux was found to decrease with 
increasing salt concentrations. These effects were explained by anion 
binding near the lEP. When the pH was below the !EP, the addition of 
0.2 M NaCI led to a significant decrease in the flux. The flux was 
further decreased by further increasing the NaCI concentration to 0.4 M. 
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Similar effects were seen with the addition of 0.1 M and 0.2 M CaCI^-
BHgO. At a pH above the lEP, addition of 0.2 M NaCI led to a significant 
reduction in the flux, which was restored with the dialysis of the 
solution to remove the salt. For pH's both above and below the lEP, the 
observed flux reduction, with the addition of salt, was attributed to 
charge shielding. 
Munch et al. (1979) studied the effect of salt concentration on the 
ultrafiltration of the flexible polyelectrolyte Separan AP273, a linear 
polyacrylamide which is about one third hydrolyzed. They found that 
the rejection coefficient of the Separan AP273 decreased with 
increasing salt concentrations upto 0.1 M NaCI. They attributed this to 
decreasing hydrodynamic radii with increasing salt concentrations. 
They showed that the equivalent hydrodynamic radius, as calculated 
from intrinsic viscosity data, was approximately half as large at 0.1 M 
NaCI concentration then when no salt was present. 
Changes in the ionic strength may also affect the permeability of 
linear polyelectrolytes. Tsvetkov et al. (1968) examined the relation 
between ionic strength and the sedimentation coefficient of 
polyacrylic acid (PAA). They found that as the ionic strength of the 
solution was increased, the sedimentation coefficient was increased. 
Mijniieff and Jaspers (1971) applied nonequilibrium thermodynamics to 
show that the sedimentation coefficient of a polymer is directly 
related to its permeability, as was shown in equation (13). They 
showed that the flow of solvent through a porous polymer plug was 
similar to the movement of the porous plug through a solvent. By 
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combining the results of Mijniieff and Jaspers (1971) with those of 
Tsvetkov et al. (1968), it may be shown that an increase in the solution 
ionic strength should lead to an increase in the permeability of the 
PAA. 
It may be concluded from these studies that increasing the ionic 
strength of a solution will: 
1. Shield electrostatic interactions between similarly and 
oppositely charged molecules. 
2. May actually cause protein molecules at their lEP to take 
on a slightly negative charge. 
3. Led to lower rejection coefficients for flexible 
polyelectrolyte molecules. 
4. Led to an increase in the permeability of polyelectrolyte 
molecules. 
2.6 Ultrafiltration: Effects of Solute Charge 
Van den Berg and Smolders (1989) examined the specific 
resistance of the concentration polarization layer obtained during the 
ultrafiltration of BSA-lysozyme and BSA-a-lactalbumin mixtures at pH 
7.4. At this pH, the lysozyme and the a-lactalbumin have nearly 
identical physical properties including their radii, molecular weights, 
diffusion coefficients and sedimentation coefficients, although the 
lysozyme has a +7 net charge and the a-lactalbumin has a -7 net . 
charge. Their results indicated that the concentration polarization 
layer displayed a greater specific resistance in the case where the 
r 
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solutes were of the opposite charge than in the case where the solutes 
were of the same sign charge. This was thought to be because the 
oppositely charged solutes pack more densely than those of the same 
sign charge. 
Iritani et al. (1991) showed that the ultrafiltration solvent flux 
was higher for BSA solutions in which the BSA molecules were charged 
than in the case where they were essentially uncharged. 
Bozzano and Glatz (1989) showed that in a PAA-BSA mixture, the 
BSA rejection coefficient was significantly reduced when the pH was 
raised from 7.5 to 11. The higher rejections at the lower pH were 
thought to be due to protein-polyelectrolyte complexation. 
In summary, oppositely charged molecules in a mixture will 
display a greater positive interaction in solution leading to a more 
tightly packed concentration polarization layer. This will lead to 
reduced flux and increased rejection during ultrafiltration. When the 
molecules are of the same sign the opposite will occur. The magnitude 
of these effects increases with increased net charge. 
2.7 Ultrafiltration: Effects of Linear Molecule Deformation 
It should be kept in mind that the conformation of linear polymers 
is much more flexible than that of globular proteins. In addition to the 
effects of pH and ionic strength discussed previously, polymer 
concentration and the interaction of the polymer with an external shear 
field may lead to deformation of the polymers in solution, permitting 
oriented passage through a membrane. 
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Nguyen and Neal (1983) studied tine rejection of polyethylene 
glycol (PEG) and dextran of various molecular weights at varied 
concentrations and transmembrane pressure drops. At a constant 
transmembrane pressure, the rejection was found to remain constant 
with increasing concentration until a critical concentration was 
reached at which point the rejection coefficient fell rapidly with 
increasing concentration. This behavior was attributed to the 
retardation of the relaxation due to thermal motion of the polymers' 
segments by the entanglement with other molecules. This led to a 
reduction in the shear required for deformation over the case where the 
concentration is dilute enough that the molecules' relaxation is rapid. 
This deformation allowed the polymers to more readily pass through 
the membrane's pores. As transmembrane pressure was increased the 
rejection coefficient of the polymers rapidly decreased. This was 
attributed to the increased water flux leading to a higher shear-
induced deformation. 
de Balmann and Nobrega (1989) found similar transmembrane 
pressure drop dependent behavior with dextran as did Sudareva et al. 
(1991) with sodium salts of poly(styrene sulphonate). 
From these studies it may be concluded that: 
1. Increasing the transmembrane pressure during the 
ultrafiltration of a linear, flexible polymer will eventually 
lead to a shear rate at which the polymer will not be able to 
relax rapidly enough to avoid deformation. The result is lower 
membrane rejection. 
Increased concentrations of the polymer will decrease the 
shear rate required for deformation to occur. 
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CHAPTER 3 
METHODS AND MATERIALS 
In this chapter, the macromolecular solutes and the 
ultrafiltration experiments will be discussed in the next three 
sections. The first section will examine the macromolecular solutes 
used in the experiments. The second section will outline the 
ultrafiltration configurations and experimental conditions used. The 
final section will examine the techniques used to determine the 
concentrations and viscosities of the permeate and feed solutions. 
3.1 Macromolecular Solutes 
In the ultrafiltration experiments, three types of solutes were 
used: a globular protein—bovine serum albumin—and two linear 
polyelectrolytes—poly(acrylic acid) and polyphosphate. Each of these 
will be discussed below. 
3.1.1 Bovine Serum Albumin 
Bovine serum albumin (BSA) is a well-defined globular protein with a 
molecular weight of 69,000 daltons. BSA has an isoelectric point of 
4.7 (Vilker et al., 1981) and its radius has been estimated to be 3.64 nm 
(van den Berg and Smolders, 1989a). The sedimentation coefficient as 
a function of concentration was determined by van den Berg and 
Smolders (1989b) and found to be best described by the expression: 
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- = 2.267x10^2 +1.598 x10^°C +6.804 X10^ C2 +2.659x10^02 
s ( 2 9 ) .  
Keller et al. (1971) have determined the diffusion coefficients as a 
function of concentration for BSA. Their expression is: 
where 0 is the volume fraction of BSA given by 0=C/134O, and D is the 
these experiments was obtained from Sigma Chemicals (St. Louis, MO). 
3.1.2 PQly(acrylic acid) 
Poly(acrylic acid) (PAA) is a linear, negatively charged 
polyelectrolyte, which has the structure shown in Figure 7. The PAA 
used in these experiments was obtained from Polysciences, Inc. 
(Warrington, PA). It was obtained in solutions with concentrations 
ranging from 12.5 to 50% weight per volume in 5000, 10,000, 20,000, 
50,000, and 500,000 daltons molecular weights. These would 
correspond to approximately 115, 230, 460, 1150, and 11,500 repeat 
units per molecule respectively. 
3.1.3 Sodium Polvphosphate 
Sodium polyphosphate is the sodium salt of a negatively charged 
polyelectrolyte, which has the structure shown in Figure 8. The sodium 
(30) 
D. 21.30 
-7  2  
infinite dilution diffusivity given by 7 x 10 cm /s. The BSA used in 
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Jn 
Figure 7. Poly(acrylic acid) structure. 
polyphospliate used in these experiments was Glass H, a food grade, 
glassy polyphosphate produced by FMC (Philadelphia, PA). It has a 
molecular weight of approximately 2000 daltons, which corresponds to 
approximately 21 repeat units per molecule. 
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Figure 8. Polyphosphate structure. 
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3.2 Ultrafiltration 
Both dead-end and crossflow ultrafiltration experiments were 
performed using mixtures of BSA and either PAA or sodium 
polyphosphate. In all of these experiments, the total macromolecular 
solute concentrations of the feed solutions were kept at 5.0 g/l. For 
example, in a solution with a 1:1 weight ratio of PAA to BSA, the PAA 
concentration was 2.5 g/l as was the BSA concentration. This was done 
as significantly higher or significantly lower macromolecular solute 
concentrations could lead to difficulties in the dead-end studies of 
polarization resistance. Higher concentrations could lead to a very 
rapid buildup of the polarization layer, potentially leading to 
significant back diffusion after very short time periods. Lower 
concentrations require longer times to build up a significant 
polarization layer. As salt concentrations of 0.4 M were shown to lead 
to significant charge shielding in the literature, salt was added to the 
solution at either 0.0 M or 0.4 M levels. The added salt was normally 
NaCI, though a limited number of trials were made using other 
monovalent salts. Solution pH values were normally adjusted to 7.0 
using HCI and NaOH, though a limited number of trials were made at pHs 
of 5.5 and 8.5. Dead-end ultrafiltration experiments were performed in 
an unstirred, batch cell and crossflow experiments were performed 
using hollow fiber modules as described below. 
3.2.1 Dead-end Ultrafiltration 
The apparatus used to perform dead-end ultrafiltration is shown 
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schematically in Figure 9. An Amicon (Danvers, MA) Model 8400 
stirred, batch cell was used without the stirbar to perform the dead­
end ultrafiltration. This unit has a 350 mL capacity and uses a 76 mm 
diameter, flat, disc, ultrafiltration membrane, which provides 41.8 cm' 
of effective filtration area. The transmembrane pressure drop driving 
force was provided using a nitrogen cylinder with a pressure regulator. 
N 
Unstirred Cell 
UF Unit 76 mm 
Diameter Membrane 
Fraction Collector 
Figure 9. Ultrafiltration apparatus for dead-end ultrafiltration 
experiments. 
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Samples were collected every 1 to 6 minutes in preweighed, 
borosilicate tubes using a fraction collector. 
Filtron (Northborough, MA) Omega ultrafiltration membranes with 
molecular weight cutoffs (MWCO) of 1000, 10,000, and 30,000 were 
used. These are polysulfone membranes similar to the Nova class, but 
surface-treated to reduce protein adsorption. Before each days 
experiments were performed, the membrane's clean water flux was 
determined using deionized water which was prefiltered using a 2000 
molecular weight cutoff hollow fiber ultrafiltration module. If the 
clean membrane water flux fell below 90% of the value obtained when 
the membrane was new, the membrane was discarded. The membrane 
was prefouled with BSA by ultrafiltering a 5 g/l BSA solution through 
the membrane at 414 kPa for 30 minutes before each day's trials. 
Under these conditions, the fouling observed at the beginning of an 
experimental run made using BSA was similar to that seen at the end of 
the run. The membrane was then rinsed with deionized water using the 
batch cell's stirbar for 10 minutes before determining a fouled 
membrane water flux value. The effects of the fouling were significant 
with the fouled membrane resistance being anywhere from twice the 
clean membrane resistance for 1000 MWCO membranes to five times 
the clean membrane resistance for 30,000 MWCO membranes. The 
dead-end experiments were made with a transmembrane pressure drop 
of 414 kPa. At this pressure relatively high fluxes were achieved 
which allowed the assumption of no back diffusion to be made. 
Following collection, the filled borosilicate collection tubes were 
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weighed to determine a value of the permeate flux before the run's 
samples were pooled to provide a sample for macromolecule retention 
analysis. After each run, the membrane was rinsed for ten minutes as 
was done following the BSA prefouling and a water flux was 
determined before the next experiment was performed. 
At the conclusion of the day's experiments, the membrane was 
cleaned by exposure to warm, 1.5% weight per volume Tergazyme 
(Alconox, Inc., New York, NY) protease/detergent solution for 25 
minutes under stirred conditions. The membrane was then rinsed with 
deionized water before exposure to 0.5 M NaOH for 25 minutes under 
stirred conditions. Both 0.5 M NaOH and protease/detergent solutions 
are manufacturer approved cleaning reagents. Experience showed that 
this process had to be repeated in order to fully clean the membrane 
before a clean membrane water flux rate was determined. Membranes 
were stored refrigerated in 0.1 M NaOH between uses. 
3.2.2 Crossflow Ultrafiltration 
Crossflow ultrafiltration was performed using the apparatus 
shown schematically in Figure 10. A roller pump (Masterflex model 
7520-00, Cole-Parmer Instrument Co., Chicago, IL), was used to draw 
feed solution from a 500 mL reservoir maintained at 23 °C, by a water 
bath (Haake type F4391, Haake Buchler Instruments Inc., Saddle Brook, 
NJ). The roller pump speed was adjusted to provide 5, 10, or 15 g/s 
feed rates as measured by the rotameter (dual ball floats with tube 
size R-6-15-B, Matheson Gas Products, Secaucus, NJ), which was 
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Rotameter 
Hollow Fiber 
Module 
Retentate 
Permeate Return 
Return r 
Feed 
Roller Pump 
500 ml 
Reservoir 
Water Bath 
Cooling Water 
Cooling Water 
Return 
Figure 10, Ultrafiltration apparatus for hollow fiber ultrafiltration 
experiments. 
calibrated separately for each feed solution concentration. 
Transmembrane pressure was adjusted to an average value of either 
61.4, 138, or 219 kPa using the backpressure valve. Permeate samples, 
consisting of 3 to 12 mL, were collected in scintillation vials over.a 
measured time period of between 30 seconds and 6 minutes to obtain 
flux rates and these samples were later analyzed for macromolecule 
retention. The reservoir volume was maintained by the addition of an 
equal mass of makeup solution having the same pH and salt 
concentration as the feed stream and approximately the same 
macromolecule concentration as the permeate. 
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The hollow fiber module used in each experiment was one of two 
types. The first module was a MP-1 Molecular/Por HF cartridge with a 
2000 molecular weight cutoff (Spectrum Medical Industries, Los 
Angeles, CA). The module consisted of 185 polysulfone fibers, 20.3 cm 
2 in length and 0.5 mm inner diameter. The module provided 500 cm of 
effective filtration area. The second was a H1P30-43 cartridge with a 
30,000 molecular weight cutoff (Amicon, Danvers, MA), The module 
consisted of 56 polysulfone fibers, 20,3 cm in length and 1.1 mm inner 
2 diameter. The module provided 265 cm of effective filtration area. 
Before experimental runs were made, a clean module, clean water 
flux was determined using deionized water prefiltered on a 2000 
molecular weight cutoff hollow fiber module. The module was then 
prefouled with BSA by ultrafiltering 5 g/l BSA solution at 219 kPa 
with a crossflow rate of 5 g/s for one hour. Following this, the hollow 
fiber module was rinsed, using no back pressure, with two liters of 
deionized water before determining the fouled membrane water flux 
rate. During runs, the system was allowed 10 minutes to reach steady 
state after each change of transmembrane pressure drop or crossflow 
rate. Between runs, the membrane was rinsed with two liters of 
deionized water and a clean water flux was determined. 
The modules were cleaned by exposing them to a warm 1.5% 
Tergazyme protease/detergent solution for one hour, rinsing them with 
water, and exposing them to 0.5 M NaOH for one. hour. A clean module, 
clean water flux was then determined. When not in use, the modules 
were stored in 0.1 M NaOH with 0.05% sodium azide. 
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3.3 Solution Assays 
All permeate samples obtained from ultrafiltration experiments 
were analyzed as appropriate for BSA, PAA, and/or polyphosphate 
concentration. The viscosities for PAA and polyphosphate solutions 
were determined as a function of concentration. Further details on all 
of these assays are provided below. 
3.3.1 Bovine Serum Albumin Analysis 
BSA was assayed using a Pierce BCA protein assay (Pierce, 
2 4" 4* Rockford, IL). In the assay, protein reduces Cu to Cu in an alkaline 
environment. Two molecules of bicinchoninic acid (BCA) then complex 
with each Cu"*" molecule to.form a water soluble complex which absorbs 
light strongly at 562 nm. The enhanced protocol was followed to 
provide better BSA detection. In this protocol, 2 mL of assay reagent 
are added to 0.1 mL of sample and incubated at 60 C for 30 minutes. 
The samples are then allowed to cool to room temperature before 
spectrophotometric detection at 562 nm. Two sets of standards with 
concentrations between 0 and 250 |ig/mL BSA were analyzed with each 
set of experimental samples. 
3.3.2 Polyphosphate Analysis 
Polyphosphate detection was done using a modified form of the 
orthophosphate assay, which uses an ammonium molybdate-antimonyl 
tartrate reagent (AOAC, 1984). In this method, orthophosphate. 
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generated by sample digestion using sulfuric acid/persulfate, reacts 
with ammonium molybdate and potassium antimonyl tartrate in an 
acidic solution to form an Sb phosphomolybdate complex. This complex 
is reduced by ascorbic acid to form an intensely blue complex, which 
absorbs light strongly at 880 nm. 
Sample digestion was done by adding one mL of 30% H SO and 
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one mL of 50 g/l K^S^O^ to 2 mL of sample on ice. The samples were 
then digested in a water bath at between 95 and 100 °C for 2 hours. 
Following digestion, 2.4 mL of 5 M NaOH was added to the sample on ice. 
The digested samples were brought to 10 mL total volume using a 
volumetric flask. 
The assay reagent was prepared by combining 50 mL of 5 N 
sulfuric acid, 5 mL 2.74 mg/mL potassium antimonyl tartrate, 15 mL 
40 mg/mL ammonium molybdate, and 30 mL of 17.6 mg/mL ascorbic 
acid solutions to form a combined reagent. Sample detection was done 
by adding one mL of this combined reagent to 4 mL of appropriately 
diluted sample and allowing the mixture to stand at room temperature 
for 20 minutes before spectrophotometric detection at 880 nm. 
Results were compared to a standard curve generated using KH^PO^ 
standard solutions with concentrations in the range of 0.0 to 2.0 iig 
P/mL. 
3.3.3 Poiv(acrvlic acid) Analysis 
PAA was detected by using a stoichiometric precipitation with 
lysozyme at high pH to provide varying turbidities in a method similar 
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to that used by Bozzano and Glatz (1991). In this method, a 0.5 g/i 
lysozyme in glycine buffer solution was prepared by adding 0.205 g of 
NaCI, 0.264 g of glycine, and 0.125 g of lysozyme to 250 mL of water. 
The pH of this solution was then adjusted to 10.0 using 5 M NaOH, 
before filtering through a 0.2 p.m filter. PAA detection was done by 
adding 3.5 mL of the lysozyme solution to 0.5 mL of sample, which was 
previously diluted to bring the NaCI concentration below 0.2 M to 
prevent the salt from interfering with the assay. The samples were 
then vortexed vigorously and allowed to stand for 30 minutes. The 
samples were vortexed vigorously again immediately prior to 
spectrophotometric detection at 436 nm. Results were compared to a 
standard curve with PAA concentrations between 0.0 and 0.2 mg/mL. A 
separate standard curve was prepared for each different PAA molecular 
weight. 
3.3.4 Viscositv Analvsis 
Viscosities were determined as a function of concentration for 
each of the polyelectrolytes for which retention was incomplete, in 
order to provide values for the permeate viscosities. The viscosities 
were determined using a #50 Cannon-Fenske type viscometer using the 
method outlined in the ASTM standard D446 (ASTM, 1987). 
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CHAPTER 4 
RESULTS AND DISCUSSION 
The results chapter in this work is divided into four major 
sections. The first two sections will examine the concentration 
polarization and retention behavior of polyelectrolyte and protein 
mixtures in dead-end ultrafiltration. The last two sections will do 
likewise for crossflow filtration in the hollow fiber modules. 
4.1 Dead-end Ultrafiltration: Concentration Polarization 
The flux decline ratio, defined in equation (10), will be used as a 
measure of the effects of the concentration polarization layer on the 
ultrafiltration of polyelectrolyte/BSA mixtures. In order for this 
expression to be valid, there must not be significant back diffusion of 
solute from the polarization layer. This assumption that back diffusion 
was insignificant was tested by examining the time based flux 
behavior, as predicted by equation (12) for each run. From this 
equation, it can be seen that if there is no significant back diffusion a 
2 plot of 1/J^ versus time should yield a straight line. A plot from a 
typical experimental run is shown in Figure 11. As can be seen from 
this figure, this run gave the expected straight line. If there had been 
significant back diffusion in the system, it would have been most 
evident when the flux was at its lowest values or, in other words, after 
the greatest elapsed times. This would have led to higher fluxes than 
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Figure 11. Time dependence of solvent flux in dead-end ultrafiltration. 
[BSA]=4.845 g/l, [5k PAA]=.155 g/l, 1000 MWCO membrane, 
2 [NaCI]=0.0 M, pH=7.0, r =correlation factor 
predicted at the later times, leading to a negative deflection from the 
straight line fit at those times. Similar plots were made for all of the 
experimental runs and all yielded similarly straight lines without a 
negative deflection at greater elapsed times. 
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Flux decline ratios were calculated for all the experimental 
runs by using the plot of 1/J^ versus V /A suggested by equation (10). 
The slope of this plot, along with a knowledge of the transmembrane 
pressure drop, feed concentration, retention, and permeate viscosity, 
allowed the calculation of the flux decline ratio. A typical plot used 
for the determination of the flux decline ratio is shown in Figure 12. 
The straight line evidenced there was fairly typical of the results 
obtained for all the experimental runs. 
Flux decline results for polyphosphate/BSA mixtures are 
displayed in Figure 13. It is interesting to note that when only protein 
is present, the addition of 0.4 M NaCI leads to a significant increase in 
the flux decline ratio. To state this another way, the resistance to 
flow provided by the polarization layer was greater when 0.4 M NaCI 
was present than when it was not for the same amount of accumulated 
cake mass. By using the relationship between the flux decline ratio and 
sedimentation coefficient expressed in equation (13), along with the 
sedimentation data for BSA in equation (29) and the experimentally 
determined flux decline ratios for BSA, the BSA concentration in the 
polarization layer when no NaCI was present was estimated to be 257 
g/l. When 0.4 M NaCI was present, the BSA concentration in the 
polarization layer was increased to approximately 344 g/l. This would 
correspond to a decrease in the porosity from 0.81 to 0.74 with the 
addition of NaCI. For a given cake mass, this would mean that the 
presence of NaCI would lead to a decrease in the thickness of the 
polarization layer and the size of the channels available for flow 
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through the layer, which would lead to an increased resistance to flow 
over the case where no salt was present. If one assumes that the 
surface area to volume ratio for BSA remains approximately constant 
regardless of the salt concentration, that is to say there are no major 
conformational changes, equation (17) would predict that the flux 
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Figure 13. Composition dependence of the flux decline ratio for 
polyphosphate/BSA mixtures. pH=7.0, 1000 MWCO 
membrane 
decline ratio of BSA in the presence of 0.4 M NaCI should be 
approximately 1.46 times the value when no salt is present. This ratio 
was actually 1.72 times larger, so even a simple Kozeny-Carman type 
expression, such as that in equation (17), does appear to give a decent 
first order approximation. 
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These results may be readily explained if one keeps in mind the 
previously discussed charge-shielding effects seen in the literature. 
BSA is well above its isoelectric point at a pH of 7.0, having a net 
charge of approximately -20 at this pH. This leads to an electrostatic 
repulsion between the protein molecules in the polarization layer. The 
presence of 0.4 M NaCI leads to a shielding of the electrostatic 
repulsions allowing the protein molecules to approach each other more 
closely, hence leading to the increased concentration in the 
polarization layer. 
When one examines the flux decline results for polyphosphate, as 
shown in Figure 13, especially in the light of the previous explanation 
for the BSA results, one may be surprised to find that the flux decline 
ratio is actually significantly lower for polyphosphate in the presence 
of 0.4 M NaCI than in its absence or, to state it another way, the 
resistance to flow given an equal cake mass was lower when 0.4 M NaCI 
was present than when it was absent. As polyphosphate is a highly 
negatively-charged polyelectrolyte, it may be assumed that the 
presence of 0.4 M NaCI would have led to intermolecular charge 
shielding of electrostatic repulsions subsequently leading to higher 
polarization layer concentrations, as was seen with BSA. The higher 
concentrations would be predicted by equation (17) to lead to an 
increase in the flux decline ratio if the surface area to volume ratio 
stayed constant. However, the addition of salt was shown earlier in 
the review of the literature to provide intramolecular charge shielding 
which caused polyelectrolytes to change conformation from a highly 
r 
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extended form to a more compact form. This can have a significant 
impact on the surface area to volume ratio of a system. For example, if 
one crudely considered the polyphosphate molecule to be approximated 
by a cylinder one unit in diameter and 21 units long, compression of the 
matter contained in this cylinder into a sphere would lead to a 2.15 
fold decrease in the surface area to volume ratio. This would act to 
decrease the flux decline ratio, acting in opposition to the increase 
caused by the increased polarization layer concentration arising from 
the intermolecular shielding of the electrostatic repulsions by the 
presence of NaCI. This suggests that a conformation change in the 
polyphosphate may occur giving rise to the observed results, although 
nothing as dramatic as the extreme case outlined above would be 
expected. 
Flux decline ratio results for various molecular weight PAA/BSA 
mixtures are displayed in Figures 14 and 15. From Figure 14, one can 
see that without NaCI present, the flux decline ratios do not appear to 
be a function of molecular weight. If one compares this figure to 
Figure 15, it can be seen that the presence of 0.4 M NaCI seems to have 
a much greater effect on the flux decline ratios of the lower molecular 
weight PAA solutes than on the higher molecular weight ones. The 
lower molecular weight PAA solutes show the same decrease in their 
flux decline ratios as was seen with the polyphosphate, presumably for 
similar reasons. The higher molecular weight PAA solutes, on the other 
hand, appear to have their flux declines little affected by the presence 
of the NaCI. 
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The use of mass fraction, as opposed to mole fractions, in 
Figures 13-15 appears to have been an appropriate choice. This would 
be expected since the resistances would be expected to be a function of 
the volume of solute in the polarization layer, which is more directly 
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related to the total number of repeat units of a polymer than the 
number of polymer molecules. If mole fraction had been used, the 
various molecular weight PAAs would not have shown the similar 
behavior displayed in Figure 13. 
Figure 16, which shows a comparison of the ratios of the flux 
decline ratio in the presence of 0.4 M NaCl to that in the absence of 
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Figure 16. Ratio of [NaCl]=0.4 M to [NaCl]=0.0 M flux decline ratios. 
NaCI for each macromolecular solute, may present the results shown in 
Figures 13-15 for single component systems more clearly. The reduced 
effects of salt addition on the flux decline ratios of the higher 
molecular weight polyelectrolytes may be due to a greater degree of 
intermolecular entanglement for the higher molecular weight 
polyelectrolytes which may prevent conformational changes of the 
degree seen with the smaller polyelectrolytes. The changes in the flux 
r 
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decline ratio caused by the addition of salt will have an Inverse effect 
on the observed flux as is shown In equation (9). If one assumes that 
the resistance due to the fouled membrane, R , is small compared to 
ma 
the resistance associated with the polarization layer, then a decrease 
in the flux decline ratio by a factor of two, similar to that seen with 
the addition of salt to the polyphosphate or 5000 molecular weight PAA 
systems, will result In a doubling of the flux observed at any given 
cumulative permeate volume. 
Figure 17 shows a comparison of the means of the flux decline 
ratios obtained for BSA at pHs of 5.5, 7.5, and 8.5. The error bars 
represent the 95% confidence levels. As can be seen from Figure 17, 
the flux decline ratio of BSA at a pH of 5.5 is significantly higher than 
that at the other two pH levels. This was confirmed by running a 
Student's T test at a 95% confidence level. This would be expected 
since, as BSA approaches its isoelectric point. Its net charge is 
significantly reduced as Is electrostatic repulsion. This allows the 
protein molecules to move closer together, increasing the 
concentration In the polarization layer in a manner similar to that 
observed In presence of 0.4 M NaCI, as was shown in Figure 13. As one 
might expect, this effect is not observed In the polyphosphate over 
these pH ranges, as is demonstrated in Figure 18, which shows no 
significant differences in the flux decline ratios for polyphosphate at 
any of the three pHs. 
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4.2 Dead-end Ultrafiltration: Retention 
The retention of BSA in all of the dead-end ultrafiltration work 
was greater than 0.98, and, hence, will not be further examined. Figure 
19 contains the retention data for the 10,000 molecular weight PAA. 
As can be seen from this figure, retention of the 10,000 molecular 
weight PAA was complete on the 1000 molecular weight cutoff 
membrane. On the 10,000 and 30,000 MWCO membranes, however, the 
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Figure 18. Effect of pH on polyphospliate flux decline behavior. 
[NaCI]=0.0 M, 1000 MWCO nriembrane, error bars represent 
95% C.I. 
retention of the PAA was incomplete. The presence of BSA increased 
the retention of the 10,000 molecular weight PAA acid over that 
observed when the PAA acid was ultrafiltered alone. As both the PAA 
and BSA carry a net negative charge at pH 7.0, it is felt that the 
increase in the retention is due more to the polarized BSA physically 
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C.I. 
impeding access to the pores than through any electrostatic interaction 
between the PAA and the BSA. This may be due to a phenomenon similar 
to what was seen by Meireles et ai. (1991) with the irreversible fouling 
of a membrane with a solute that had a larger diameter than the 
membranes pores, as discussed in section 2.3. Instead of an 
irreversibly adsorbed cake, however, a less stable polarization layer 
r 
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may in effect be performing sieving by creating its own porous 
structure. If this were the case, one might expect the phenomenon to 
be most pronounced in the case where the ratio of the channel 
diameters through the polarization layer to the membrane pore 
diameters was smallest. In the event that only a single solute is 
present, such a phenomenon would not be expected to occur. In all 
cases, as one might expect, the use of a larger molecular weight cutoff 
membrane reduced the retention of the 10,000 molecular weight PAA. 
The presence of 0.4 M NaCI also led to a lower retention of 10,000 
molecular weight PAA in all cases. As was discussed earlier, the NaCI 
can lead to intramolecular charge shielding, which may allow the PAA 
acid to take on a more compact conformation in the presence of NaCI 
than it would have if the NaCI was not present, allowing it easier 
passage through the membrane's pores. 
Figure 20 shows the retention data for the 5000 molecular 
weight PAA. As with the 10,000 molecular weight PAA, the 5000 
molecular weight PAA is completely retained by the 1000 MWCO 
ultrafiltration membrane. Also, the 5000 molecular weight PAA shows 
decreased retention with increasing membrane molecular weight cutoff 
in all cases. The effect of the BSA presence is much stronger with the 
5000 molecular weight PAA than with the 10,000, but the trend is still 
for the protein to increase retention. The presence of salt still leads 
to decreased retention in all cases except with the 30,000 MWCO 
membrane when protein is not present: however, in that instance the 
retention with and without the NaCI is quite low and the difference 
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may be due to random error. Figure 21 presents the corresponding 
results for the polyphosphate. The polyphosphate, unlike either of the 
PAAs, was not completely retained by the 1000 MWCO membrane. In all 
cases, as expected, the larger molecular weight cutoff membranes 
displayed the lowest retentions. The effect of the protein on retention 
was less certain with the polyphosphate then with the PAAs. In the 
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Figure 21. Polyphospliate retention behavior during dead-end 
ultrafiltration. pH=7.0, error bars represent 95% C. 
case of the 1000 MWCO membrane, the presence of protein did not 
appear to significantly affect the retention of the polyphosphate. It 
also seemed to have little affect in the case of the 10,000 MWCO 
membrane when salt was present. It is interesting to note that the 
presence of NaCl actually increased the retention in the case of the 
6 3  
10,000 MWCO membrane. Although the experimental error was higher 
in this case, it is insufficient to explain the pattern reversal. Fluxes in 
the absence of salt over the course of 54 minutes were on average 2.2 
times that when salt was present. This is most likely an effect of the 
lower retention as opposed to the cause. It may be that with very low 
retention, the more extended polyphosphate in the runs without NaCI 
present was able to become more fully aligned with the pores and hence 
present a smaller projected area to the pore than when salt was 
present. 
Finally, Figure 22 shows the retention of the polyphosphate on a 
1000 MWCO membrane in the presence of various monovalent salts. All 
of the salts examined produced results similar to that seen with NaCI. 
4.3 Crossflow Ultrafiltration: Flux Behavior 
This section will examine the solvent flux behavior observed 
during the crossflow ultrafiltration experiments made using 2000 and 
30,000 MWCO ultrafiltration modules. The retentate flow, in all cases, 
was laminar with Reynolds numbers in the range of 60 to 325. Table 3 
provides the values for the apparent fluid shear rate at the membrane 
surface, assuming fully developed laminar flow of a Newtonian fluid, 
under the operation conditions used in the experiment. With these 
assumptions, the apparent fluid shear rate at the membrane surface in 
a circular tube may be calculated from: 
7w=8U/dh (31) 
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Table 3. Fluid Shear Rates at Hollow Fiber Membrane Surface and 
Reynolds Numbers under Experimental Crossflow Conditions. 
2000 MWCO 30000 MWCO 
Crossflow Shear Rate 2000 MWCO Shear Rate 30000 MWCO 
Rate (g/s) (1/s) Re Range (1/s) Re Range 
5 2203 61-69 6 8 4  92-103 
10 4 4 0 6  1 2 2 - 1 3 8  1 3 6 7  1 8 3 - 2 0 7  
15 6 6 0 9  1 8 2 - 1 8 3  2 0 5 1  2 7 5 - 3 1 0  
6 5  
where 7 is the shear rate at the wall, and U is the average fluid 
w 
velocity (Porter, 1972). It is interesting to note that although the 
30,000 MWCO module had Reynolds numbers slightly higher than for the 
2000, the maximum membrane surface shear rate was still below any 
obtained for the 2000. 
Figures 23, 24, and 25 show typical solvent flux results obtained 
using the 2000 MWCO module. Regardless of the solutes being filtered, 
the solvent flux values at each pressure were all quite similar. There 
appears to be no significant curvature which would indicate a 
transition into the pressure independent flux region. In all cases, 
higher crossflow rates produced slightly higher fluxes, as one would 
expect, though the increases were slight, probably since there was 
little polarization layer buildup. The presence of 0.4 M NaCI was found 
to lead to a decrease in the solvent flux for single macrosolute BSA 
solutions over those obtained in the absence of the salt. This is 
similar to the results observed in the dead-end case and is also 
probably due to increased resistance of the polarization layer due to 
higher BSA concentrations arising from charge shielding. On the other 
hand for the BSA/5000 molecular weight PAA mixture and the 5000 
molecular weight PAA solutions, flux was actually higher in the 
presence of salt than in its absence. This is also similar to the results 
seen in the dead-end experiments. 
The results for the 30,000 MWCO module are somewhat more 
interesting. They are presented in Figures 26-30. As with the 2000 
MWCO module, increased crossflow rates always resulted in higher 
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Figure 23. Pressure-dependent flux behavior of BSA. 2000 MWCO 
hollow fiber module, pH=7.0. Salt concentration (M) and 
crossflow rates (g/s) as shown by inset. 
solvent fluxes. However, unlike the 2000 MWCO module results, the 
30,000 MWCO module results show a curvature with increasing 
pressure indicative of a transition into the pressure independent flux 
region. This is probably due to the increased solute being transported 
to the the membrane surface by the higher solvent fluxes and the 
reduced removal associated with the lower fluid shear rates at the 
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membrane surface. It is also of note that the presence of 0.4 M salt 
lead to different trends depending upon the presence of BSA. In runs 
which had BSA as one of the solutes, the presence of NaCl led to 
reduced solvent fluxes, as one might expect to see associated with the 
shielding of macrosolute electrostatic repulsions in a polarization 
layer. However, in runs which contained only polyelectrolyte 
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Figure 25. Pressure-dependent flux behavior of 5k PAA. 2000 MWCO 
hollow fiber module, pH=7.0. Salt concentration (M) and 
crossflow rates (g/s) as shown by inset. 
macromolecular solutes, the presence of NaCI actually resulted in 
improved fluxes as was seen with the runs made, using the 2000 MWCO 
module. This result is similar to the reduced flux decline ratios seen 
with small polyelectrolytes upon addition of NaCI during dead-end 
ultrafiltration and is also probably because of reduced resistance to 
flow caused by the polyelectrolytes taking on a more compact 
conformation in the presence of NaCI then in its absence. 
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Attempts to apply the models reviewed in section 2.4.2 met with 
very limited success. As estimates of the channel length required for 
the laminar flow to become fully developed made using equation (25) 
demonstrated that the maximum length required under the run 
conditions used was less than 1.1 cm out of a total module length of 
20.3 cm, it was assumed that the Graetz or Leveque type models as 
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outlined in equations (20), (22), and (23) might be appropriate. Plots 
were made of the In Re versus the In in an attempt to determine if 
the exponent of the Reynolds number obtained experimentally was 
similar to that in equation (22), assuming that C /C, was constant in 
w b 
all cases. The values of the exponent were very pressure dependent and 
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Figure 28. Pressure-dependent flux behavior of 5k PAA. 30,000 MWCO 
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ranged between 0.09 and 0.6 with the vast majority falling before 0.25, 
well below the value of 0.33 seen in equation (22). In an attempt to 
gain a better insight into these results, the diffusion coefficient data 
for BSA of equation (30), using the concentration at the wall to 
determine the diffusion coefficient, were combined with the model as 
defined by equation (20) and (23) to produce plots of the solvent flux as 
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a function of the BSA concentration at the membrane surface. These 
plots are displayed in Figures 31 and 32 for the 2000 and 30,000 MWCO 
modules, respectively. It is interesting to note the maximum that 
occurs in the solvent flux curves. The initial rise may be explained by 
examining the case where the pressure is increased at a constant 
crossflow rate. As the pressure increases, the concentration at the 
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membrane surface increases as does the solvent flux, until one begins 
to enter the pressure independent region. When the pressure 
independent region is reached, the decreases in the diffusion 
coefficient with concentration led to a decrease in the flux with 
r 
7 4  
12.5 
5 g/s 
10 g/s 
o 
X 
15 g/s 
X 
Li. 
4-' 
c 
<u 
_> 
o 
CO 
2.5-
100 200 300 400 500 600 700 0 
Surface Concentration (g/l) 
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concentration. Crossflow rates as shown, 2000 MWCO 
hollow fiber module, bulk BSA concentration=5.0 g/l. 
increasing concentration at the wall. If the diffusion coefficients 
were assumed to be constant, the curves in Figures 31 and 32 would not 
reach a maximum and would instead appear to approach a constant 
value. A comparison of the solvent fluxes obtained experimentally and 
presented in Figure 23 to those in Figure 31, seems to imply that the 
r-
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Figure 32. Graetz/Leveque solution for the interaction of flux and wall 
concentration. Crossflow rates as shown, 30,000 MWCO 
hollow fiber nnodule, bulk BSA concentration=5.0 g/l. 
BSA concentration at the membrane surface is below 10 g/l. Though 
this seems low, little sign of polarization was seen in the 
experimental results. A comparison of the experimental results 
obtained for the 30,000 MWCO membrane as presented in Figure 26 to 
those predicted in Figure 32 are somewhat more troubling, as the 
r 
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experimental fluxes obtained are in excess of the maximum fluxes 
predicted. 
An attempt was made to make use of the resistance in series 
approach, summarized by equation (27). Examination of this equation 
shows that as the value of the proportionality constant, (]), increases, 
the model predicts lower values for the pressure limited flux. When <|) 
is equal to zero, the model produces the straight line associated with 
the clean water flux of a fouled membrane. The model was applied by 
plotting 1/J against 1/AP. As equation (28) demonstrates, (R +R ) 
V ma 
may be obtained from the slope and cj) may be obtained from the 
intercept of such a fit. The results for the 30,000 MWCO module are 
presented in Table 4. From these results, it can be seen that the 
solutions containing only polyelectrolytes in the absence of NaCI led to 
fits with (jxO. This is a nonsensical result as it implies that the 
presence of the polyelectrolytes actually leads to fluxes in excess of 
that which would be achieved if clean water were ultrafiltered. These 
two runs did not appear to begin to enter the pressure independent 
region, and as such, showed minimal curvature in the pressure drop 
versus flux curve, which may have led to the difficulties associated 
with the determination of (|). 
For runs with BSA present, values of 0 are reasonable. As one 
might expect the value of 0, which accounts for curvature in the 
pressure drop versus flux curve, did increase with decreases in the 
crossflow rate, a condition which would be expected to lead to greater 
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Table 4. Equation Fit Parameters for Solvent Flux Equation on 30,000 
MWCO Hollow Fiber Module Ultrafiltration Data. 
Crossflow (R + R ) 
Rate ..-7 h® o 2  Macrosolute [NaCl] 
(M) 
t  
(g/s) X 10'^ (s/kg) 
m a 
X lO'""^ 
(1/m) 
 
r 
Fit 
BSA 
BSA 
BSA 
0.4 
0.4 
0.4 
1 5 
1 0 
5 
9.77 
11.3 
14.3 
1.51 
1.77 
2.71 
0.996 
0.993 
0.947 
BSA 
BSA 
BSA 
0.0 
0.0 
0.0 
1 5 
10 
5 
2.74 
2.61 
3.25 
6.45 
8.06 
9.57 
1.000 
0.996 
0.993 
Glass H 
Glass H 
Glass H 
0.0 
0.0 
0.0 
1 5 
10 
5 
-1.29 
-2.90 
-4.87 
16.3 
21.6 
28.5 
0.997 
0.996 
0.995 
Glass H 
Glass H 
Glass H 
0.4 
0.4 
0.4 
1 5 
1 0 
5 
1.45 
1.71 
1.39 
5.69 
6.22 
7.61 
0.997 
0.995 
0.993 
1 
1 
1 
1 Glass H/BSA 
1 Glass H/BSA 
1 Glass H/BSA 
0.0 
0.0 
0.0 
1 5 
1 0 
5 
2.78 
2.90 
2.93 
8.35 
10.3 
13.8 
0.995 
0.989 
0.988 
1 
1 
1 
1 Glass H/BSA 
1 Glass H/BSA 
1 Glass H/BSA 
0.4 
0.4 
0.4 
1 5 
1 0 
5 
6.71 
8.41 
11.1 
2.62 
2.14 
1.97 
0.981 
0.991 
0.948 
5k PAA 
5k PAA 
5k PAA 
0.0 
0.0 
0.0 
1 5 
1 0 
5 
-2.73 
-8.57 
-16.9 
23.4 
36.9 
58.4 
0.995 
0.986 
0.982 
5k PAA 
5k PAA 
5k PAA 
0.4 
0.4 
0.4 
1 5 
1 0 
5 
5.71 
6.04 
7.56 • 
4.90 
6.46 
7.75 
0.999 
0.999 
0.994 
1 
1 
1 
1 5k PAA/BSA 
1 5k PAA/BSA 
1 5k PAA/BSA 
0.0 
0.0 
0.0 
1 5 
1 0 
5 
3.70 
3.15 
5.38 
8.27 
11.7 
17.0 
0.996 
0.991 
0.999 
1 
1 
1 
1 5k PAA/BSA 
1 5k PAA/BSA 
1 5k PAA/BSA 
0.4 
0.4 
0.4 
1 5 
1 0 
5 
8.23 
9.60 
13.0 
2.11 
2.50 
2.95 
0.987 
0.968 
0.975 
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concentration polarization resistance. However, ^ and and (R + R ) do 
m a 
not appear to be independent as increases in one are accompanied by 
increases in the other. 
Attempts to apply the resistance in series approach, as 
summarized in equation (27), to solvent flux results obtained using the 
2000 MWCO membrane again led, for ail runs except for the BSA runs 
and the BSA/5k PAA mixture run with 0.4 M NaCl, to negative values of 
(j) (not shown). Again, this was probably due, at least in part, to the 
lack of any significant curvature in the solvent flux versus pressure 
curves. 
4.4 Crossflow Filtration: Retention 
Retention results are only presented here for the 30,000 MWCO 
module as retention on the 2000 MWCO module was nearly complete for 
all solutes. Also, BSA was completely retained by the 30,000 MWCO 
module and will not be examined further. Retention results for 5000 
molecular weight PAA and and polyphosphate in the presence and 
absence of 0.4 M NaCI are shown in Figures 33-36. 
Examination of these results shows that the crossflow rate has 
no significant affect on the retention of the polyelectrolytes. As was 
the case with dead end ultrafiltration, the polyelectrolytes were more 
highly retained in the absence of NaCI then they were in the presence of 
the NaCI. This was probably due to the polyelectrolytes taking on a 
more compact conformation in the presence of the 0.4 M NaCI due to the 
shielding of the intramolecular electrostatic repulsions. 
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Figure 33. PAA retention for crossflow ultrafiltration. 30,000 MWCO 
hollow fiber module, 5k PAA and 5k PAA/BSA mixtures, 
[NaCI]=0.0 M, pH=7.0 
Increasing pressure appears to lead to a reduction of the 
retention of polyelectrolytes when protein is not present. This may be 
because higher flux rates through individual pores orient polymer 
chains. When the pressure drop was increased from 61.4 to 219 kPa 
during the ultrafiltration of polyphosphate without NaCI present, the 
flux increased by a factor of about 4.2 while the retention was 
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Figure 34. PAA retention for crossflow ultrafiltration. 30,000 MWCO 
liollow fiber module, 5k PAA and 5k PAA/BSA mixtures, 
[NaCI]=0.4 M, pH=7.0 
decreased by a factor of 1.3. Similarly for polyphosphate in the 
presence of NaCI, a 2.6 fold increase in flux was accompanied by a 2.4 
fold decrease in retention and for 5000 molecular weight PAA in the 
presence of NaCI, a 1.8 fold increase in flux was accompanied by a 1.7 
fold decrease in retention. 
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Figure 35. Polypliosphate retention for crossflow ultrafiltration. 
30,000 MWCO liollow fiber module, polyphosphate and 
polyphosphate/BSA mixtures, [NaCl]=0.0 M, pH=7.0 
To examine the feasibility of using diafiltration as a method of 
removing the polyelectrolyte, one could look at the reduction in 
polyelectrolyte concentration obtained by continuous diafiltration of 
one complete volume of permeate. This was calculated for the 
maximum flux conditions of 219 kPa and 15 g/s for the various 
mixtures. For a 1:1 BSA/5000 molecular weight PAA mixture in the 
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Figure 36. Polyphosphate retention for crossflow ultrafiltration. 
30,000 MWCO hollow fiber module, polyphosphate and 
polyphosphate/BSA mixtures, [NaCl]=0.4 M, pH=7.0 
presence of 0.4 M NaCI, the final concentration of PAA would be 70% of 
the original concentration. For a 1:1 BSA/polyphosphate mixture in the 
absence of NaCI, the final concentration of polyphosphate would be 88% 
of the original concentration. For a 1:1 BSA/polyphosphate mixture in 
the presence of 0.4 M NaCI, the final concentration of polyphosphate 
would be 50% of the original concentration. To reduce the 
t-
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polyelectrolyte concentration to 5% of the original concentration would 
require 8.5 volumes of permeate for the 1:1 BSA/PAA mixture in the 
presence of NaCI; 23 volumes of permeate for the 1:1 
BSA/polyphosphate mixture in the absence of NaCI and 4.3 volumes of 
permeate for the 1:1 BSA/polyphosphate mixture in the presence of 
NaCI. 
So, while clearly practical in the presence of 0.4 M NaCI, removal 
of polyelectrolytes from BSA would probably be impractical in the 
absence of NaCI. If protein losses could be tolerated, better 
performance could be obtained through the use of higher MWCO 
membranes. 
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CHAPTER 5 
CONCLUSIONS AND RECOMMENDATIONS 
This work examined the ultrafiltration of mixtures of 
polyeleotrolytes and BSA using both crossflow and dead-end 
configurations. The more significant results of this work included. 
1. Addition of NaCI led to an increase in the flux decline ratios 
observed during the ultrafiltration of BSA. This was most 
likely due to intermolecular charge shielding leading to 
increased polarization layer concentrations. 
2. Addition of monovalent salts led to a decrease in the flux 
decline ratios of small polyeleotrolytes. This took place 
despite intermolecular charge shielding and was most likely 
due to conformation changes reducing the surface area to 
volume ratio for these molecules, caused by intramolecular 
charge shielding. 
3. The addition of monovalent salts led to reduced retention of 
polyeleotrolytes, probably because of the smaller 
conformation resulting from intramolecular charge shielding. 
4. Changes in pH had little effect on the ultrafiltration of 
polyeleotrolytes over the range of 5.5 to 8.5. 
5. Increased crossflow fluid shear rates at the membrane 
surface increased solvent flux. However, this had diminishing 
returns above a certain level. For example, a three fold 
r 
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increase in the shear rate led to a 17-52% increase in 
the solvent flux depending on the initial shear rate. 
6. Lower polyelectrolyte retentions were seen during 
ultrafiltration at higher pressures. This nnay have been 
because higher fluid shear rates at the membrane pore 
entrance led to macromolecular deformation. 
7. A cake layer polarization model adequately described 
dead-end ultrafiltration. 
8. Neither the Graetz/Leveque type nor a semiempirical 
resistance in series model adequately described crossflow 
ultrafiltration under all ranges of operating conditions. 
One of the major difficulties in analyzing the results of this work 
arose from the problems associated with comparing results obtained on 
the different types of membranes used in the crossflow and dead-end 
ultrafiltration experiments. In future work, it is recommended that a 
flat plate type unit in which a sheet type membrane, similar to that 
used in the dead-end ultrafiltration experiments, could be used. This 
type of unit would have the further advantage of allowing wider ranges 
of transmembrane pressure drops to be investigated. 
A continuous diafiltration system should be assembled to prove 
that the separations of polyelectrolytes from BSA anticipated can truly 
be achieved. 
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